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We report transport measurements, including: Hall, Seebeck and Nernst Effect. All these trans- 
port properties exhibit anomalous field and temperature dependences, with a change of behavior 
observed at about H ~ 1.5T and T ~ 15K. We were able to reconcile the low-temperature-low-field 
behavior of all transport properties using a simple two band analysis. A more detailed model is 
required in order to explain the high magnetic field regime. 
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I. INTRODUCTION 

It has been demonstrated that when depositing more 
than 3 unit cells of LaAlOs over a Ti02 terminated 
SrTiOa a conducting layer appears at the interfaceJ^ 
The nature and origin of the charge carriers are still 
unknown. Simple electrostatic consideration suggests a 
transfer of 0.5 electron per unit cell.^Other theoretical 
work suggests that the electronic reconstruction that oc- 
curs at the interface results in lattice deformation and a 
charge density that corresponds to less than 0.5 electron 
per unit cell.'^ Oxygen vacancies'* and cationic mixing- 
can also contribute to the conductance. The relative 
contributions of these processes depend on deposition 
condition. Recent measurements of Shubnikov-de Haas 
(SdH) oscillations indicate the possibility of a two-band 
structure;^ Other works have interpreted the non lin- 
ear Hall voltage as being the anomalous Hall effect aris- 
ing from incipient magnetizationi^i^. On the theory side 
magnetic effects have been predicted to take place at the 
interfaces i2iiS 

In metals, the thermopower is expected to be linear for 
T<Ti^ and the Nernst signal should, in principle, be zero. 
This is due to the cancelation of the two terms in the 
Nernst coefficient: Qn — paxy — PxyOc, with p the resis- 
tivity, pxy the Hall resistance and a^- the Peltier tensor.— 
When two types of charge carriers are present this cance- 
lation is relaxed and the Nernst signal can be finite. One 
therefore expects the Nernst signal to be a sensitive probe 
to the existence of multiple types of charge carriers. We 
can therefore use the resistivity. Hall, thermopower and 
Nernst signal data and see whether the multiple carrier 
picture can explain the transport. This is what we have 
done. We find that the low temperature-low field regime 
can be explained using a simple model of two types of 
charge carriers. The high field regime for the Nernst 
measurements cannot be explained by this approach. 



II. SAMPLE AND EXPERIMENTAL SETUP 

We have used a sample with 17 unit cells of 
LaAlOa, deposited by pulsed laser deposition on a Ti02- 
terminated SrTiO3(100) substrate. The deposition con- 
ditions are similar to previously reported samplesj^ The 



2DEG's contacts consisted of Al bond wires. A custom 
built probe was used in conjunction with a QD PPMS 
system. The probe consisted of twined phosphor bronze 
wires, each pair inside a thin stainless steel pipe used for 
screening. The sample was mounted onto a copper me- 
chanical clamp at one end while the other end was 'float- 
ing' (thermally uncoupled) and the sample chamber itself 
was pumped to '^ITorr to avoid thermalization of the 
sample in order to maintain the required thermal gradi- 
ent. Two Lakeshore Cernox thermometers were used for 
the temperature gradient measurement. A 22057 SMT 
resistor was used as a heater. We used GE- Varnish for 
attaching the thermometers and the heater onto the sam- 
ple's surface. A Keithley 6220/6221 delta-mode DMM 
was used for the 4 point Hall and resistance measure- 
ments. A Keithley 1801 nanovolt preamp was used with 
a 2001 DMM for the thermal measurements. Each trans- 
port measurement was followed by a measurement of the 
Nernst signal at the same base temperature (all measure- 
ments were done sequentially). 

When measuring the Nernst signal the sample is set to 
a certain base temperature and the heater is turned on, 
allowing for the system to reach a steady state, then the 
magnet is sweeped from -6T to 6T. We made sure that 
the zero field temperature returned to it's original value 
after the field sweep. A thermopower measurement of 
the 2DEG was conducted between 30K and 3K at zero 
field (The thermopower has a negligible field dependence 
at low temperatures). 



III. DATA AND ANALYSIS 

In Fig[l][2]we show the longitudinal and transverse re- 
sistance as a function of temperature and field. These 
measurements are consistent with previous results ob- 
tained by our groupJ^ The anomalous change in slope 
of the magnetoresistance at low temperatures occurs at 
H ^ 1.5r, while the Hall resistivity {pxy) shown in Fig 



2(a) exhibits a distinctive non-linear behavior, having a 
pronounced "kink" also &i H ^ 1.5T. 

Fig[2] shows the temperature dependence of the Nernst 
signal taken from the antisymmetric component of the 
transverse voltage. This eliminates contributions from 
the contacts and misalignments. As the temperature is 
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FIG. 1. (colour online) (a) Electrical resistance as a func- 
tion of temperature, (b) Electrical resistance as a function of 
applied perpendicular magnetic field. 



lowered the signal increases until a maximum is reached 
at T=15K. Reducing the temperature further the signal 
decreases to the point where it changes sign at T=3K for 
the entire range of field studied, becoming roughly linear. 

This anomalous behavior of the Nernst signal is un- 
likely to be associated with superconductivity or super- 
conducting fluctuations since the critical temperature is 
Tc ~ ibQmK , while the anomalous signal appears above 
6K. In the case of superconducting fluctuations above Tc, 
the Nernst signal is expected to be enhanced significantly 
when approaching Tc- 

The next option to explain the large Nernst signal is 
induced magnetization and the spin-orbit coupling. In 
this case, due to a mechanism similar to the anomalous 
Hall effect involving skew scattering, a large Nernst signal 
is expectediSi. However, for this scenario, one expects the 
Nernst signal to increase with magnetic field or merely 
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FIG. 2. (colour online) (a) pxy as a function of applied perpen- 
dicular magnetic field, (b) Fit of the pxy{H) measurements 
using a model of multiple types of charge carriers. The fit was 
done for the field range of -6T to 6T. 



to saturate. 

This expected behavior is not observed in our mea- 
surements where the amplitude of the Nernst signal de- 
creases at large fields. In addition, the signal is expected 
to increase or saturate as the temperature is lowered, 
in contrast with our measurements in low fields. We 
therefore conclude that induced magnetization is not the 
main mechanism responsible for the large Nernst effect 
for T>4K and H<2T. One should notice that in con- 
trast to the low-field behavior, the high-field Nernst sig- 
nal seems to have a temperature independent slope, per- 
sisting from 15K down to the lowest temperature mea- 
sured. This slope dominates the Nernst signal below 3K, 
while the non monotonic field dependence of the Nernst 
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FIG. 3. (colour online) Nernst signal of the SrTiOs- 
LaAlOa saniple;(a) Measurements done for temperature 
range of 15K < T < 40K. (b) Measurements done for tem- 
perature range of 2.2K <T < 15K. 
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FIG. 4. (colour online) Nernst Signal and thermopower mea- 
surements of the SrTiOs-LaAlOs sample;(a) Nernst signal as 
a function of temperature 30K down to 3K. (b) Measurement 
of the thermopower as a function of temperature from 30K 
down to 3K. 



signal is absent. This will be discussed in the concluding 
part, from now on we shall be focusing on the low-field 
regime. 

The next option one needs to consider is that the 
big Nernst signal originates from multiple types of car- 
riers. This possibility had been considered in the past 
and is in agreement with the non-linear shape of the 
Hall measurements.^ Recent results of Shubnikov de- 
Haas measurements on SrTiOs-LaAlOs also indicate the 
existence of two types of carriersi^ The Nernst signal 
shows a definite change in slope at a field of 7f ~ 1.5r, 
similarly to magnetoresistance and Hall measurements. 

To extract the transport contribution of each band, 
we analyse the Hall resistivity similarly to Ben-Shalom 



et al.A This simplistic model assumes two- types of charge 
carriers, even though it is possible that a more compli- 
cated band structure is involved and other effects might 
be present. The Hall data is fitted using: 






B, (1) 



with Ri and Ui are the Hall coefficient and conductiv- 
ity of the I*'' type of carrier. Fig 2(b) shows the fit to p.. 



xy 



for the entire field range done using EqlT] and the mea- 
sured zero field resistance, taken from the magnetoresis- 
tance measurements (Fig 1(b)). The carrier concentra- 
tions and conductance contribution of each band were 
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FIG. 5. (colour online) Calculated electrical properties of the 
2DEG assuming a t-wo-band model, (a) Electrical Conduction 
contributed by each conductance band, (b) Hall coefficent of 
each conductance band. 



then extracted and arc summarized in Table U and Fig 
[SI The discrepancy bet-ween the carrier concentration we 
obtained and SdH experiments, has already been noted 
and explained by possible multiple degeneracy scenario j^ 
The thermopower measurement is shown in Fig |4(b)] 
A change in slope is evident at T=15K belo-w -which the 
thermopo-wer turns linear as expected for lo-w temper- 
atures (T ^ Tp), and extrapolates linearly to zero at 
T=OK. In this lo-w-temp regime, we use the simple ex- 
pression for the case of a degenerate 2D free electron 

14 

gas: - 
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We estimate Tp ~ 15K, assuming the simple case of an 



FIG. 6. (colour online) (a) Density of charge carriers of each 
conductance band.(b) Linear part of the Nernst signal at lo-w 
temperatures and low magnetic fields, used for the calculation 
of the Nernst coefficients (Qi). 



energy independent relaxation time {a = 0), -which is 
in general agreement -with the linear temperature depen- 
dence observed belo-w 15K. We assume a linear contribu- 
tion by each type of charge carrier to the thermopo-wer 
and the Nernst coefhcient: 
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■with Si is the thermopo-wer and Qi the Nernst coef- 
ficient conribution of the z*'' type of carrier. Using the 
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4.45 6.35 8.3 



10.25 12.2 14.1 16.2 18.3 20.3 30.25 



48.26 47.15 47.96 49.73 55.82 61.87 70.71 80.50 102.33 189.26 
23.40 23.54 23.43 22.83 21.77 20.69 19.45 18.38 17.46 14.47 
0.0156 0.0147 0.0132 0.0114 0.0092 0.0075 0.0059 0.0047 0.0035 0.0012 
0.0063 0.0060 0.0059 0.0058 0.0061 0.0060 0.0059 0.0058 0.0057 0.0041 
1.295 1.325 1.303 1.256 1.119 1.010 0.884 0.776 0.610 0.330 
2.670 2.655 2.667 2.737 2.870 3.019 3.213 3.399 3.578 4.318 

TABLE I. (colour online) Calculated values of the Hall coefficients, electrical conductivity and density of charge carriers per 
band, extracted from the non-linear Hall measurement. 
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TABLE H. (colour online) Calculated values of the ther- 
mopower (Si) and Nernst coefficient (Qi) for each band. 



results extracted from the fits to the Hall data and EqlJl 
the parameters of Si and ^2 are then extracted using the 
X^ methodic and used in Eq|4] with the linear slope of 
the Nernst signal at low fields, to calculate Qi and Q2- 
The fit was done assuming a simple model of linear re- 
sponse in field and temperature for both components of 
the thermopower and the Nernst coefficient. The result- 
ing values for Si and Qi are presented in Table |lll The 
fits used for the thermopower and Nernst calculations are 
shown in Fig 7(a) and |7(b)| respectively. Eq|4] applies to 
the isothermal Nernst coefficient. In our case, the sample 
is considered isotropic in the 2DEG plane, and the elec- 
tron mobility is quite low, so a Righi-Leduc effect should 
be negligible. Therefore, we can use it for our measured 
(adiabatic) Nernst coefficient J^i^i 

The conductance. Hall coefficients and charge carrier 
densities, calculated from the electrical transport data 
indicate a change in behavior at T « IbK in agreement 
with the thermal transport measurements (Fig |3]). As 
seen in Fig 6(a)|5(a)"| the density of the two types of 
charge carriers remains roughly unchanged, while their 
contribution to the conductance is not, which implies 
that the change in conductance is related to the carri- 
ers' mobility ji^ More so, Fig 5(a) shows that one type of 



charge carriers' contribution to the 2DEG's conductance 
is relatively temperature independent, while the other 
type of carrier varies significantly. 
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IV. DISCUSSION AND SUMMARY 

Our results indicate the magnetic field scale oi H ^ 
1.5T and the temperature of T '--^ 15K as points where 
the system undergoes a distinct change in behavior, per- 
haps due to a change in the contribution of one of the two 
bands of charge carriers. This behavior is evident in the 
thermopower, where a minima is observed at 15K. Be- 



FIG. 7. (colour online) Fit for the thermopower and Nernst 
coefficient, (a) Black solid line shows the measured ther- 
mopower data. Red Solid line shows the calculated fit, while 
the blue and green lines shows the values associated to each 
type of charge carriers, (b) Black solid line shows the mea- 
sured Nernst data. Red solid line shows the calculated fit, 
while the blue and green lines shows the values associated to 
each type of charge carriers. 



low this temperature the therraopower becomes hnear. 
At this temperature range we can see that the Nernst 
signal at high magnetic field turns linear. As the tem- 
perature is lowered, the linear regime broadens, spanning 
the entire field range below 3K. This linear Nernst sig- 
nal is anomalously large. It may arise from dominance 
of the mobile band, as indicated from the conductance 
shown in Fig 5(a) Another possibility is that a mag- 



netic order is induced at high fields and low tempera- 
tures, enhancing the Nernst signal. In this view, the min- 
ima in the thermopower maybe related to a Kondo-like 
temperature. However, in a simple Kondo scenario one 
would expect a minimum in resistivity which is absent in 
our data. It is clear that the Nernst signal is unrelated 
to superconducting fiuctuations. Further experimental 
study is needed in order to determine which carriers un- 
dergo a superconducting condensation and what is the 
role of fiuctuations at lower temperatures. We speculate 
that the more mobile band, which is observed in SdH 
measurements )^ii^ is responsible for the superconducting 
transition as we can see that its Nernst signal becomes 



dominant at low temperatures (below 5K). 

In summary, transport measurements of the 2DEG at 
the interface of a SrTiOa-LaAlOa show an anomalous 
behavior which cannot be explained by a single type 
of charge carriers. The electrical transport properties 
are consistent with previous results, specifically the car- 
rier concentrations and the electron mobility, obtained 
by Hall effect. ^'^ We were able to successfully fit the 
measured Hall resistivity as well as the thermopower at 
low temperature and the corresponding Nernst coeffi- 
cient in low magnetic fields to a two-band system model. 
The electrical and thermal measurements are in excellent 
agreement. 
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